Unlike broad-host Salmonella serovars, which cause self-limiting disease, Salmonella enterica serovar Typhi can infect only humans causing typhoid fever, a life-threatening systemic disease. The molecular bases for these differences are presently unknown. Here we show that the GTPase Rab29 (Rab7L1) distinguishes the intracellular vacuole of human-adapted and broad-host Salmonella serovars. A screen to identify host factors required for the export of typhoid toxin, which is exclusively encoded by the human-specific Salmonella enterica serovars Typhi (S. Typhi) and Paratyphi (S. Paratyphi) identified Rab29. We found that Rab29 is recruited to the S. Typhicontaining vacuole but not to vacuoles containing broad-host Salmonella. We observed that in cells infected with broad-host Salmonella Rab29 is specifically cleaved by the proteolytic activity of GtgE, a unique type III secretion effector protein that is absent from S. Typhi. An S. Typhi strain engineered to express GtgE and therefore able to cleave Rab29 exhibited increased intracellular replication in human macrophages. These findings indicate significant differences in the intracellular biology of human-adapted and broad-host Salmonella and show how subtle differences in the assortment of effector proteins encoded by highly related pathogens can have a major impact in their biology.
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bacterial pathogenesis | vesicular traffic | cysteine proteases A n intracellular pathogen, Salmonella enterica serovar Typhi (S. Typhi) causes typhoid fever and is a serious global health concern that results in >200,000 annual deaths, mostly in developing countries (1, 2) . S. Typhi and the related serovar Salmonella Paratyphi can infect only humans, resulting in life-threatening systemic disease (i.e., "typhoid fever"). In addition, S. Typhi can cause life-long persistent infection in convalescent individuals (3) . These features are in sharp contrast to most other S. enterica serovars such as Salmonella Typhimurium (S. Typhimurium) and Salmonella Enteritidis (S. Enteritidis). which can infect a variety of hosts and are usually associated with self-limiting gastroenteritis (i.e., "food poisoning") (4) . The molecular bases for S. Typhi's unique pathogenic attributes are unknown although they are believed to be the result of a combination of genome degradation and the acquisition of new genetic information (5) . It is also unknown whether the genetic differences between human-adapted and broad-host range Salmonellae may result in specific differences in the intracellular biology of these pathogens.
One of the few unique virulence factors of the human-adapted S. enterica serovars Typhi and Paratyphi is typhoid toxin (6) (7) (8) , an AB toxin with DNase and ADP-ribosyl transferase activities. A distinguishing feature of this toxin is that it is produced only once S. Typhi reaches an intracellular location (7), and it is subsequently transported to the extracellular environment by a unique transport mechanism that involves vesicular transport intermediates (6) . In an attempt to identify potentially unique properties of S. Typhi's intracellular biology, we sought to identify host cell factors that are necessary for the formation of the typhoid toxin transport intermediates. We show here that one of these factors, the Rab GTPase Rab29, is recruited to the S. Typhi-containing vacuole but not to the vacuole containing broad-host Salmonella serovars. We found that absence of recruitment of Rab29 to broad-host Salmonellacontaining vacuoles is due to the specific cleavage of this GTPase by a unique type III secretion effector protein, which is absent in S. Typhi and S. Paratyphi. These results demonstrate that there are significant differences between the intracellular biology of humanadapted and broad-host range S. enterica serovars that could help explain differences in their pathogenic properties. In addition, our results showed that small differences in the battery of effectors delivered by virtually identical type III secretion systems can result in marked differences in the biology of highly related pathogens.
Results
Identification of Rab GTPases involved in the formation of typhoid toxin transport intermediates. We have previously shown that typhoid toxin is produced exclusively within host cells and that it is then transported to the extracellular environment by vesicular transport intermediates that can be visualized as puncta following immunofluorescence staining of the toxin (6) . We sought to identify host cell factors necessary for the formation of these transport intermediates as a strategy to potentially identify unique features of the intracellular biology of S. Typhi. We specifically focused on Rab-family GTPases given their demonstrated role in vesicle trafficking (9, 10) . We performed a siRNA screen targeting each of the human Rab and Rab-like GTPases (SI Appendix, Table  S1 ) and found that depletion of Rab7, Rab29 (also known as Rab7L1), and Rab40B resulted in a significant reduction of the amount of typhoid toxin transport intermediates ( Fig. 1 A and B and SI Appendix, Fig. S1 ). Most likely, this reduction is not due to reduced bacterial entry because the levels of bacterial internalization in cells depleted of Rab7, Rab29, or Rab40B were equivalent to those of control cells (Fig. 1C) . However, depletion of Rab7 resulted in a marked decrease in the levels of S. Typhi intracellular replication (Fig. 1D) , consistent with the previous observation that this GTPase is required for proper intracellular trafficking of S. Typhimurium (11) . Therefore, the decrease of intracellular typhoid toxin puncta in cells depleted of Rab7 may be due to the reduced number of intracellular bacteria. In contrast, depletion of Rab29 or Rab40B in epithelial cells did not alter the levels of S. Typhi intracellular replication (Fig. 1D) or the levels of toxin production (SI Appendix, Fig. S1 ), suggesting a more specific role for Rab29 and Rab40B in toxin transport. Very little information is available on Rab29 and Rab40B. Rab29 is related to Rab32 and Rab38 (SI Appendix, Fig. S2 ), which are involved in the transport of melanocytic enzymes from the Golgi apparatus to the melanosomes (12) . Rab40B, along with its close homologs Rab40A and Rab40C, forms an independent subgroup of Rab GTPases (SI Appendix, Fig. S2 ). We found that Rab29 colocalizes with the Golgi marker GM130 (SI Appendix, Fig. S3 ). Live imaging showed that Rab29 localizes not only to the Golgi complex, but also along lengthy and dynamic tubules emerging from and retracting to the Golgi complex ( Fig. 1E ) (Movie S1). In contrast, Rab40B was found enriched at the nuclear envelope and in some punctate structures in the perinuclear area (SI Appendix, Fig. S3 ).
Rab29 is recruited to the S. Typhi-containing vacuole but not to vacuoles containing broad-host S. enterica serovars. We examined the localization of Rab40B and Rab29 in cultured cells infected with S. Typhi. We found that Rab40B was not recruited to the S. Typhi-containing vacuole and that its overall distribution throughout the cell was not altered by the bacterial infection (SI Appendix, Fig. S4 ). These observations suggest that this GTPase may affect the formation of toxin carriers indirectly and not by acting on the bacteria-containing vacuole. In contrast, Rab29 was efficiently recruited to the S. Typhi-containing vacuole ∼90-120 min after bacterial internalization, with maximum recruitment ∼3 h after infection ( Fig. 2 A and B, SI Appendix, Fig. S5 , and Movies S2 and S3), and remained associated with the bacteriacontaining vacuole for several hours postrecruitment (Fig. 2B) . Time-lapse video microscopy also showed highly dynamic tubules containing Rab29 connecting the Golgi apparatus and the bacterial vacuole as well as emerging from the vacuole toward the cell periphery ( Fig. 2C and Movies S3 and S4). Recruitment of Rab29 to the S. Typhi vacuole was also observed in macrophages (SI Appendix, Fig. S6 ). The localization of Rab29 to the vacuole coincided with the time frame in which typhoid toxin puncta are observed after bacterial infection (6) .
We then examined whether there were differences between the recruitment of Rab29 to the S. Typhi and the S. Typhimuriumcontaining vacuoles. In sharp contrast with S. Typhi, we found that Rab29 was not detected in S. Typhimurium vacuoles in epithelial cells ( Fig. 2 B and D and SI Appendix, Fig. S5 ) or macrophages (SI Appendix, Fig. S6 ). These observations were not due to peculiarities of the specific isolates used in this study because we found similar phenotypes in several isolates of S. Typhi and S. Typhimurium (SI Appendix, Fig. S7 ). We also found efficient recruitment of Rab29 to the human-adapted serovar S. Paratyphi vacuoles but not to the vacuoles containing the broad-host range S. Enteritidis or Salmonella Dublin serovars (Fig. 2E ). These findings are remarkable because this is a unique report of a host cell determinant that distinguishes the intracellular compartments containing human-adapted S. enterica serovars (i.e., S. Typhi and S. Paratyphi) from those containing broad-host range serovars (e.g., S. Typhimurium and S. Enteritidis). Furthermore, given the central role of Rab-family GTPases in vesicle trafficking (9, 10) , it is expected that the presence or absence of Rab29 must translate into significant differences in the composition and properties of the bacteria-containing vacuoles.
Differential recruitment of Rab29 to the S. Typhi-and S. Typhimuriumcontaining vacuoles is dependent on the SPI-1 T3SS effector protein GtgE. We further investigated the basis for the observed differences in the recruitment of Rab29 among S. enterica serovars. Because the interaction of all S. enterica serovars with host cells is largely mediated by type III secretion systems (T3SSs) encoded within its pathogenicity islands 1 (SPI-1) and 2 (SPI-2) (13-15), we investigated the potential involvement of these systems in the recruitment of Rab29. However, we found that mutants defective in these systems were fully competent in the recruitment of Rab29 to the S. Typhi-containing vacuole (SI Appendix, Fig. S8 ). We therefore explored the possibility that S. Typhimurium may encode a factor (missing from S. Typhi) that would actively prevent the recruitment of Rab29 to its vacuole. To test this hypothesis, we , and S. Typhimurium expressing the fluorescent protein GFP and examined the ability of S. Typhi to recruit Rab29. We found that, in contrast to controls (i.e., cells infected just with S. Typhi), most of the S. Typhi mCherry -containing vacuoles in cells coinfected with S. Typhimurium lacked Rab29 (Fig. 3A) . In addition, we found that in cells preinfected with S. Typhimurium and reinfected 4 h after the first infection with S. Typhi mCherry , very few S. Typhi mcherry -containing vacuoles were decorated with Rab29 (5.4%) (Fig. 3B) . In contrast, we found a much higher percentage (49.4%) of the S. Typhi mcherry -containing vacuoles with Rab29 in cells preinfected with S. Typhi. S. Typhimurium mcherry was not able to recruit Rab29 in cells preinfected with either S. Typhi or S. Typhimurium (Fig.  3B) . These results indicate that a S. Typhimurium factor(s) acting in trans can prevent the localization of Rab29 to the bacteria-containing vacuole.
We investigated whether the factor(s) preventing Rab29 localization to the S. Typhimurium vacuole was an effector of one of its two T3SSs. As in wild type, we found that the S. Typhimurium ΔspiA mutant (defective in its SPI-2 T3SS) did not recruit Rab29 (Fig. 3 C and D) , indicating that the factor(s) that prevents the localization of this GTPase to the bacteria-containing vacuole is not an effector of the SPI-2 T3SS. However, the S. Typhimurium
ΔinvA mutant (defective in the SPI-1 T3SS) internalized by Invasin effectively recruited Rab29 to its vacuole ( Fig. 3 C and D) . This result indicates that an effector(s) delivered through the SPI-1 T3SS is responsible for preventing Rab29 localization to the wildtype S. Typhimurium vacuole. To identify this effector(s) we first used a S. Typhimurium strain lacking all known SPI-1 T3SS effector proteins (i.e., ΔsopE, ΔsopE2, ΔsopB, ΔsptP, ΔsopA, ΔsipA, ΔavrA, ΔsopD, ΔsopD2, and ΔslrP). This strain is noninvasive because it lacks the effector proteins that mediate bacterial entry (i.e., SopE, SopE2, and SopB) (16) . However, unlike the ΔinvA mutant, the effectorless mutant strain is type III secretion and translocation competent (17) . Surprisingly, when internalized via the Invasin protein, the S. Typhimurium effectorless mutant strain did not recruit Rab29 to its vacuole (Fig. 3 C and D) . In addition, the S. Typhimurium effectorless strain without the Invasin plasmid, Typhi mCherry (red) and reinfected with the strains indicated. A, B, C, and E show maximum-intensity projections of confocal Z-stacks. (Scale bars, 10 μm.) D and F show the mean ± SEM of the quantification of three independent experiments in which at least 100 bacteria were counted in each condition. Paired Student's t test analysis was performed and P values are shown. ***P < 0.001; **P < 0.01; *P < 0.05. and therefore noninvasive but still able to attach to target cells and translocate effectors, was able to inhibit the recruitment of Rab29 to the S. Typhi mCherry vacuole (Fig. 3 E and F) . These results indicated that the activity of a yet unidentified SPI-1 T3SS effector(s) inhibits the recruitment of Rab29 to the S. Typhimurium-containing vacuole and that this putative effector can exert its function even when delivered by extracellularly localized bacteria.
To identify this effector, we examined by liquid chromatography (LC)-MS/MS the culture supernatants of a strain lacking all known SPI-1 T3SS effectors for the presence of previously unidentified putative SPI-1 T3SS effector proteins. This analysis detected the presence of the needle complex inner rod protein PrgJ (18) ; the needle complex assembly regulatory protein InvJ (19) ; and the T3SS effectors PipA, GogA, GtgA (20) , and PipB2 (21) (SI Appendix, Fig. S9 ). However, deletion of the genes encoding these effectors did not result in the presence of Rab29 in the S. Typhimurium-containing vacuole (Fig. 4A) . Our LC-MS/MS analysis also detected GtgE (22) (SI Appendix, Fig. S9 ), which is encoded on the Gifsy-2 bacteriophage of S. Typhimurium and other broadhost range serovars (23, 24) , but, intriguingly, it is absent from the human-adapted S. Typhi and S. Paratyphi serovars. Although GtgE has not been demonstrated to be a T3SS effector protein, a bioinformatics tool (25) predicts the presence of a putative T3SS signal at its amino terminus. Consistent with this observation, we found that GtgE is secreted to culture supernatants in a SPI-1 T3SS-dependent manner (SI Appendix, Fig. S10 ). We therefore examined its potential involvement in the prevention of Rab29 recruitment to the S. Typhimurium vacuole. We found that a ΔgtgE S. Typhimurium mutant strain recruited Rab29 to its vacuole (Fig. 4 B and C) . Furthermore, expression of gtgE in S. Typhi prevented recruitment of Rab29 to its vacuole (Fig. 4 D and E) . These results indicate that GtgE is the SPI-1 T3SS effector protein whose activity prevents the recruitment of Rab29 to the Salmonella-containing vacuole.
GtgE is a protease that directly cleaves Rab29. During these studies we observed that, in comparison with cells infected with S. Typhi, the overall strength of the fluorescent signal of CFP-Rab29 was markedly reduced in cells infected with S. Typhimurium (Fig. 5A) . In contrast, the reduction in CFP-Rab29 fluorescence was not observed in cells infected with the ΔgtgE S. Typhimurium mutant (Fig. 5A) . We therefore examined the levels of Rab29 in cells infected with either S. Typhi or S. Typhimurium. We found that the levels of full-length Rab29 were markedly reduced in S. Typhimurium-infected cells compared with its levels in uninfected or S. Typhi-infected cells (Fig. 5B) . Furthermore, a smaller molecular weight fragment of CFP-Rab29, presumably the result of its proteolytic cleavage, was detected in S. Typhimurium-infected cells but not in S. Typhi-infected or control uninfected cells (Fig. 5B) . Cleavage of Rab29 in S. Typhimurium-infected cells was not prevented by the addition of a proteasome inhibitor (SI Appendix, were left uninfected or infected with S. Typhimurium (Ty), S. Typhimurium expressing plasmid-borne GtgE (Ty pgtgE), S. Typhimurium (Tm), or S. Typhimurium ΔgtgE (Tm ΔgtgE) and 2.5 h after infection they were analyzed by Western blotting using rabbit anti-GFP and mouse anti-tubulin antibodies. (D) COS-1 cells were cotransfected with a plasmid expressing GFPRab29 and a plasmid expressing GtgE or the vector control (−) and analyzed by Western blotting using rabbit anti-GFP and mouse anti-tubulin (as loading control) antibodies. Fig. S11 ), suggesting that this protein degradation pathway is not involved in this process. To investigate the potential role of GtgE in Rab29 cleavage, we infected cells with the S. Typhimurium ΔgtgE mutant or with S. Typhimurium expressing plasmid-borne GtgE and examined the levels of Rab29 in lysates of infected cells. We found that Rab29 was not cleaved in cells infected with S. Typhimurium ΔgtgE but was cleaved in cells infected with S. Typhimurium expressing gtgE (Fig. 5C ). To test the potential specificity of the GtgE activity, we examined the effect of S. Typhimurium infection on the stability of the related GTPases, Rab40B, Rab5, and Rab7. We found that S. Typhimurium infection did not result in the degradation of any of these related GTPases (SI Appendix, Fig. S12 ), suggesting a narrow specificity in the activity of GtgE. To investigate whether GtgE by itself could mediate the cleavage of Rab29, we coexpressed GtgE and Rab29 and examined the levels of Rab29 by fluorescence and Western blot analysis. We found a drastic reduction of the fluorescence of CFP-Rab29 in cells expressing GtgE (SI Appendix, Fig. S13 ). In addition, in cell lysates of cotransfected cells, we found a GFPRab29 cleavage pattern similar to that observed in wild-type S. Typhimurium-infected cells (Fig. 5D ). Taken together these results indicate that GtgE mediates the cleavage of Rab29 and that no other bacterial factor is required for this activity. Furthermore our results indicate that the GtgE activity is rather restricted because it is not directed to other highly related GTPases.
To gain insight into the potential mechanism of action of GtgE, we examined its primary amino acid sequence. We identified significant similarities to cysteine proteinases of the papain subfamily (SI Appendix, Fig. S14 ) as well as potential key conserved catalytic residues in GtgE (e.g., His151) (SI Appendix, Fig. S14 ). Introduction of a mutation in this predicted catalytic residue completely abolished the ability of GtgE to mediate Rab29 cleavage (Fig. 6A) . Coexpression in Escherichia coli of wild-type GtgE with Rab29 resulted in the cleavage of the GTPase although coexpression of the catalytic mutant GtgE H151A did not ( Fig. 6 B and C). Furthermore, purified GtgE was able to cleave purified Rab29 (Fig. 6D) , and cleavage required the presence of divalent cations (SI Appendix, Fig. S15 ). These results indicate that GtgE is a protease that directly targets Rab29 for cleavage. We investigated the site of GtgE cleavage by determining the amino-terminal sequence of the Rab29 C-terminal cleavage product. We found that GtgE cleaves between glycine 41 and valine 42 of Rab29 (Fig. 6 E and F) . The cleavage site is located between a critical loop and strand of the predicted structure of Rab29 (Fig. 6E) , and it is expected to fully inactivate this GTPase because the cleavage product lacks the GTPase putative switch 1 region and part of its putative Rab complementarity-determining region (RabCDR), which is required for the interaction of Rab GTPases with their effectors (Fig. 6F) (26, 27) .
GtgE influences the ability of Salmonella to replicate within macrophages. Previous studies have shown that GtgE is required for S. Typhimurium virulence in an animal model of infection (22) . This observation prompted us to investigate the potential influence of the presence of this effector in the ability of S. Typhi to replicate within macrophages. We found that the S. Typhi strain encoding wild-type GtgE replicated significantly better that the strains encoding the mutant effector (Fig. 6G) . These results are consistent with the hypothesis that the removal of Rab29 from the Salmonella-containing vacuole results in an environment that is more favorable for Salmonella growth. Furthermore, consistent with the involvement of Rab29 in typhoid toxin transport, S. Typhi expressing wild-type GtgE exhibited decreased efficiency in the formation of the typhoid toxin transport intermediates (SI Appendix, Fig. S16 ).
Discussion
The molecular bases for the different pathogenic properties of human-adapted and broad-host Salmonellae are presently unknown. A screen to identify host factors required for the export of typhoid toxin, which is exclusively encoded by the humanspecific S. enterica serovars S. Typhi and S. Paratyphi, identified Rab40B and Rab29. Although the localization of Rab40B did not change upon bacterial infection, we found that Rab29 was effectively recruited to the S. Typhi and S. Paratyphi-containing vacuoles. However, we found that Rab29 was not recruited to vacuoles containing broad-host range S. enterica serovars such as S. Typhimurium and S. Enteritidis. We also found that the absence of Rab29 from the vacuole of broad-host Salmonellae is due to its specific cleavage by GtgE, a type III secreted effector protein absent from the human-adapted S. Typhi and S. Paratyphi serovars. The protease activity of GtgE appears to have rather narrow target specificity because it did not cleave the related GTPases Rab40B, Rab5, and Rab7. In this regard, the narrow specificity of a bacterially encoded protease is reminiscent of other bacterially encoded virulence factors such as tetanus and botulinum toxins, which target specific components of the synaptic vesicle (28) . Although nothing is known about the biology of Rab29, it is expected that the presence or absence of this GTPase on Salmonella-containing vacuoles should significantly change the properties of these compartments given the role that Rab-family GTPases in general are known to play in regulating vesicle trafficking. Our intriguing observation that Rab29 localizes to dynamic areas of the Golgi apparatus and within tubes emanating from the S. Typhi-containing vacuole toward the cell periphery suggests the potential involvement of these structures in typhoid toxin transport. However, given the lack of knowledge on the biology of Rab29, more experiments will be required to clarify the specific role of this GTPase in toxin transport.
It is not clear how the specific targeting of Rab29 benefits Salmonella pathogenesis. Because deletion of gtgE results in a very significant virulence reduction in a mouse model of infection (22) , removal of Rab29 from infected cells should be advantageous for the pathogenesis of S. Typhimurium. However, although GtgE appears to have narrow substrate specificity, it is possible that GtgE may target other Rab GTPases so additional experiments on the specificity of this protease will be required to clarify its role in virulence. Interestingly, expression of GtgE in S. Typhi resulted in increased growth within cultured macrophages (although not within epithelial cells), indicating that the activity of this effector favors intracellular growth. Unlike S. Typhimurium a critical feature of S. Typhi is its ability to cause persistent infection. It is therefore possible that slowing down intracellular growth by recruiting Rab29 may be beneficial for the establishment of persistent infection because slower replication may be necessary to avoid immune detection.
Overall this study revealed significant differences between the intracellular compartments of human-adapted and broad-host S. enterica serovars, which may have implications for the understanding of the rather marked differences between the biology of these different Salmonella serovars. In addition, our results indicate a remarkable fine-tuning of the activity of T3SSs to adapt their function to the unique requirements of each S. enterica serovar because differences in a single type III secretion effector protein result in fundamental changes in Salmonella's intracellular niche.
Materials and Methods
Detailed information about experimental procedures and strains can be found in SI Appendix, Materials and Methods. Wild-type S. enterica strains have been described previously (29, 30) . Mutants were constructed and bacterial infections were carried out as previously described (31) . Live-cell imaging was performed at 37°C in a temperature, humidity, and CO 2 controlled live chamber (Pathology Devices), using a 60× oil objective (numerical aperture, 1.4) of an Improvision spinning disk confocal microscope equipped with a Nikon TE2000. The FLAG fluorescence associated with puncta (not associated with bacteria) was quantified by using a purpose-built macro developed in the open source software ImageJ (http://rsbweb.nih.gov/ij/). Mass spectrometry analysis was carried out as previously described (32) .
